Background Although fungal infections play a central role in severely ill and immunosuppressed patients, in contrast to antibiotics immunomodulatory effects of antifungals have not been sufficiently investigated. The present study sets out to compare the effect of different antimycotics on immunologic reaction towards mold in vitro. Materials/methods Aspergillus fumigatus ATCC204305 was used to develop a model of invasive aspergillosis in vitro in whole blood. Since autoclaved hyphal suspension demonstrated the most potent cytokine release, they were used for the further study including blood of 20 male volunteers. Impact on IL-6, IL-8 and TNF-α time concentration profiles by 5 mg/ mL conventional and liposomal amphotericin B, 20 mg/mL fluconazole, 5 mg/mL voriconazole, 2 mg/mL posaconazole or saline solution was investigated over 4 h of incubation at 37 °C. Results Compared to baseline, cytokine levels increased by addition of hyphal suspension over 4 h approximately: 54-fold for IL-6, 1000-fold for IL-8 and 270-fold for TNF-α. While conventional amphotericin B further increased IL-6 and to a smaller extent IL-8 levels, this was not the case for its liposomal formulation. Congruently amphotericin B increased cytokines in blood without fungus substantially. Fluconazole reduced cytokine increase for all three cytokines compared to stimulation with hyphae without antifungal agent. Conclusions Our data indicate significant differences in the immunomodulatory potency of different antimycotics. While fluconazole had the highest anti-inflammatory potential, conventional amphotericin even increased cytokine release. This preliminary information might have clinical implication, since cytokine dysregulation plays a major role in the pathogenesis and outcome of fungal infections. Clinical studies are warranted to confirm our findings.
Introduction
The inflammatory response during sepsis has been recognized as cause for progressive systemic organ failure. TNF-α was demonstrated to induce a progressive decrease in cardiovascular function, [1] and high level of IL-6 correlate with a significant mortality increase in septic patients [2] . However, several clinical studies have failed to show a sustained survival benefit from reducing immune reaction by administering anti-endotoxin antibodies, anti-TNF antibodies or soluble TNF-α receptors [3, 4] . For antibiotics, previous studies have pointed out potential immunomodulatory effects apart from their antimicrobial effect. This has been shown among others for macrolides [5] [6] [7] , tetracyclines [7, 8] , and fluoroquinolone. [7, 9, 10] Apart from data on the immunomodulatory effect in vitro and in vivo, studies on the clinical implication of the immunomodulatory characteristics of clarithromycin administration showed a considerable benefit in time to resolution of ventilator-associated pneumonia compared to placebo as well as improvement of mortality [3, 11] . Even when sepsis was caused by pneumonia due to macrolide-resistant pathogens, improved mortality rates point out that non-antimicrobial effects are the underlying cause of benefit [12] .
Besides and on top of bacterial sepsis, invasive fungal infections are increasingly problematic for severely ill and immunosuppressed patients, especially for those receiving intensive cytostatic treatment for acute leukemia, hematopoietic stem cell transplants (HSCT) or solid organ transplants, causing considerable morbidity and mortality rates [13] . In particular numbers of invasive fungal infections caused by molds such as Aspergillus are increasing [14] and invasive pulmonary aspergillosis is the most common cause. Even when sepsis was caused be for pneumonia-related mortality in patients with leukemia or HSCT recipients showing an overall mortality rate of invasive aspergillosis of 58-87% in patients who receive bone marrow transplants [15] .
Cytokine dysregulation seems to play a major role in the pathogenesis and outcome of fungal infections [16, 17] . Potential pathways of dysregulation may include binding of fungal ligands and pattern recognition receptors, like Tolllike receptors, on innate immune cells. Thereby intracellular signaling cascades are activated and lead to an inflammatory response in the host, beneficial for the patient or not [17] . Antifungals play an essential role in current treatment and prophylaxis in this population [16, 18, 19] and more information about potential immunomodulatory effect of antifungal agents in analogy to antibacterial agents would be desirable.
The present study aimed to establish an in vitro aspergillosis model in whole blood to study the immunomodulatory effect of antimycotics.
Methods

General information and ethics
This study was performed at the Department of Clinical Pharmacology, Medical University of Vienna, Austria. It was conducted in accordance with the Declaration of Helsinki and the current revisions of the Good Clinical Practice Guidelines of the European Commission and the Good Scientific Practice Guidelines of the Medical University of Vienna. The protocol was approved by the Ethics Committee of the Medical University of Vienna (EK Number 1045/2015). Informed consent was sought from all healthy volunteers prior to blood collection.
Study subjects
27 healthy male volunteers were included in this trial. Inclusion criteria were age between 19 and 40 years as well as laboratory parameters within the given range or abnormal parameters which were not clinically relevant. None of the volunteers had concomitant medication within 1 week or symptoms of clinically relevant illness within 3 weeks prior to the study day. Furthermore, subjects were excluded if they were smoking more than 5 cigarettes per day or had treatment with an investigational drug within 3 weeks or blood donation within 4 weeks before the study.
Blood sampling
During the pilot of the study blood samples were collected by venipuncture using Vacutainer tubes anticoagulated with EDTA (Vacuette ® ). The first experiments of adding both hyphal fragments and antimycotic agents showed that blood samples became hemolytic using EDTA tubes. To optimize the model and avoid hemolysis, Citrate tubes were used for blood sampling and Falcon Tubes (TPP Techno Plastic Products AG) for incubation in the main part.
Establishment of aspergillosis model
For establishment of an aspergillosis model in human whole blood in vitro blood samples from the first 7 volunteers was used. The cytokine time profiles induced by different conidia counts (10 7 conidia/mL and 10 8 conidia/ mL) and inactivated as well as active hyphal fragments at different concentrations obtained from a prior conidia count of 10 6 conidia/mL were compared with cytokine time profiles induced by LPS (US Standard Reference Endotoxin E. coli, CC-RE-Lot 2) 50 pg/mL and negative (saline) control. This comparison was performed to identify the stimulus-conidia or hyphal fragments-of greatest potency on cytokine release. LPS concentration of 50 pg/mL was used congruently with a prior study [20] . The cultivation of conidia and hyphae was performed as follows:
Cultivation of conidia Aspergillus fumigatus ATCC204305 was cultured for 2-4 days on Sabouraud Dextrose agar (Becton-Dickinson, Netherlands). After the incubation time, 3-5 mL of spore buffer was pipetted on the Sabouraud agar plate and conidia were scraped from the plate using an inoculation loop. The suspension of spore buffer containing conidia was collected with a single use pipette and filtered with a cell retainer (70 µm). Conidia were diluted 100-1000-fold and counted in a hemocytometer (Bürker Türk Kammer, VWR Merck). Conidia suspensions containing different counts per mL (10 7 conidia/mL and 10 8 conidia/mL) were stored at − 4 °C.
Cultivation of hyphae 30 mL of the conidia suspension containing 10 6 conidia/mL was inoculated into 30 mL of Nitrogen Base in Erlenmeyer flasks. Incubation was performed for approximately 16 h at 37° at a shaker before the content of the Erlenmeyer flasks was centrifuged at 4000 rpm for 15 min. The pellets were washed twice in HBSS and then resuspended in PBS (Lonza, Basel, Swiss) to achieve the same volume as initially added as conidia suspension. For inactivating hyphal fragments, the gained pellets were then autoclaved at 121 °C for 15 min in a glass tube. As inactivation control, a sample was placed on one Sabouraud Dextrose agar plate (Becton-Dickinson, Netherlands) and observed for 3 days for lack of growth after incubation. The further procedure was the same for both, inactivated and vital hyphal fragments. The pellets were washed twice with HBSS (Gibco/Life Technologies) and finally again resuspended in HBSS in the same volume as initially added as conidia suspension. For all experiments with hyphae either 1 mL of solution of vital or of inactivated hyphae was added to human whole blood for further incubation.
Establishment of the aspergillosis model Aspergillus fumigatus conidia suspension of different conidia counts of 10 7 /mL and 10 8 /mL, as well as active and inactivated hyphal suspensions containing hyphae starting from the prior conidia count of 10 6 conidia/mL were studied. To 4 mL of whole human blood in 14-mL falcon tubes, either 1 mL of the hyphal suspension, or conidia suspension getting a low and a high conidia concentration of finally 7 × 10 5 or 7 × 10 6 conidia/mL, or LPS getting a final concentration of 50 pg/mL or saline solution as negative control were added, respectively. Before incubation, baseline samples were taken without any addition of stimuli. All blood samples were then incubated at 37° and samples were taken at 2 h, 4 h or 6 h, 8 h and 24 h after start of incubation. Samples were centrifuged at 2500g for 10 min and plasma pipetted into Cryo Vials for storage at − 80 °C before ELISA was performed. The levels of IL-6 and TNF-α were determined.
Several inocula (conidia and hyphal fragments) were tested as described above, but solely one was used for the final aspergillosis model in the main part of the study. Thereby the impact of several antifungal agents with and without addition of A. fumigatus could be tested for each individual with a justifiable amount of blood. Since inactivated hyphal fragments starting from a conidia count of 10 6 conidia/mL demonstrated the most potent cytokine release when compared to conidia or active hyphal fragments, this inoculum was used. Duration of the main experiments was limited to 4 h since, in line with previous experience from LPS experiments maximum cytokine release was found for this time-point for the majority of subjects.
Main part: incubation of antimycotics in the established model
20 participants were included in the main part of the study on the impact of antimycotics on cytokine levels in the established aspergillosis model with hyphal fragments. 1 mL of hyphal suspension obtained from an original suspension containing 10 6 conidia/mL, or saline solution were added to 4 mL of whole blood. All experiments were performed as duplicates. The impact of final concentrations of 5 mg/L conventional and 5 mg/L liposomal amphotericin B, 20 mg/L fluconazole, 5 mg/L voriconazole and 2 mg/L posaconazole or saline control was investigated. As negative control, the cytokine levels in whole blood without any stimuli (neither hyphal fragments nor antimycotics) was used, while the control with Aspergillus but no antimycotics is referred to as 'aspergillosis control'. All samples were incubated at 37 °C over 4 h at a slow rotation rate imitating physiologic conditions.
Concentrations for antimycotics used were chosen at or marginally above the clinically achieved maximal serum concentration which were 1.7 mg/L for liposomal amphotericin B when administering 5.0 mg/kg/day [21] , 18 mg/L for fluconazole at steady state after administration of 400 mg [22] , 2-6 µg/L for voriconazole [23] and 1.3 µg/mL for posaconazole [24] . Concentration of conventional amphotericin B was chosen to be identical with liposomal amphotericin B to allow comparison of the gained data. Fluconazole was included in this study though it is lacking inhibiting potency against A. fumigatus for comparison reason as well as the fact that the anti-inflammatory potency of substances might be attractive independent from any concrete infection.
ELISA for IL-6, IL-8 and TNF-α
In this study levels of cytokines, IL-6, TNF-α and IL-8 were determined in plasma using commercially available Elisa kits (Quantikine ® , R&D Systems, Austria) according to the manufacturer's instructions. The minimal detection limits were 0.7 ng/mL for IL-6, between 1.5 and 7.5 pg/mL for IL-8 and between 0.5 and 5.5 pg/mL for TNF-α. The minimal detectable dose for this Elisa kits had been previously determined by adding two standard deviations to the mean optical density value of 20 zero standard replicates and calculating the corresponding concentration. In this study, IL-6, IL-8 and TNF-α levels were quantified for all samples at the predefined time points. The results are expressed in pg/mL.
Analysis and figures
Data in the text are expressed as means ± standard deviation of experiments performed in duplicates. In the pilot, 7 subjects were included. In the main part, the whole blood from 10 subjects was assigned to experiments to determine the impact of amphotericin B and fluconazole, while the other 10 subjects were assigned to liposomal amphotericin B, posaconazole and voriconazole. Negative controls with saline solution as well as aspergillosis control adding solely hyphae but no antimycotic agents were performed for all 20 subjects in the main part. Time interleukin concentration profiles were performed using the means of 7 (pilot), 10 (main part) or 20 (main part controls) subjects and are depicted in Figs. 1 and 2 . Mean cytokine concentrations after 4 h of incubation are compared in Fig. 3 . Ratios were calculated by dividing the quantified cytokine concentration in the presence of an antimycotic by the quantified cytokine concentration in the Aspergillus control sample without antimycotic (aspergillosis control). As well as the ratios of cytokine concentrations after incubation without mold were calculated comparing cytokine values after incubation with antimycotics over zero control (cytokine levels after incubation of whole blood alone).
Results
Immunomodulatory effect of conidia and hyphal fragments
For the establishment of an aspergillosis model in human whole blood, the impact of high and low concentration of conidia as well as active or inactivated hyphae of Aspergillus fumigatus hyphae on IL-6 and TNF-α profiles was determined. Cytokine level profiles over 24 h are shown in Fig. 1 .
Regarding the maximal cytokine levels, for both cytokines, inactivated hyphal fragments showed the greatest cytokine levels among all fungal stimuli and a substantially greater cytokine release than vital hyphae. In contrast, conidia had the smallest impact on cytokine release, with no relevant difference between the two conidia concentrations used. Maximal levels (C max ) were for both cytokine observed after 4 h. LPS led to an IL-6 increase and TNF-α increase comparable to inactivated hyphal fragments. In absolute numbers, the maximal reached IL-6 and TNF-α levels were 42.32 ± 31.56 pg/ mL and 102.90 ± 148.57 pg/mL for inactive hyphal fragments, 4.65 ± 1.03 pg/mL and 15.80 ± 6.31 pg/mL for conidia, and 60.48 ± 1.32 pg/mL and 79.87 ± 71.84 pg/ mL for LPS. While inactive hyphae thereby led up to a cytokine increase of 43-fold for IL-6 and 69-fold for TNF-α, conidia solely increased IL-6 and TNF-α levels 2-and 4-fold, respectively. Immunomodulatory effect of antimycotics IL-6, IL-8 and TNF-α profiles were determined at baseline, 2 h and 4 h after incubation in the aspergillosis model using inactivated hyphal fragments. Compared to baseline cytokine levels increased by addition of hyphal suspension over 4 h approximately 54-fold for IL-6, 1000-fold for IL-8 and 270-fold for TNF-α. Congruently to the experiments during establishment of the model cytokine levels were higher at 4 h than at 2 h after incubation. Cytokine concentration time profiles when conventional amphotericin B, liposomal amphotericin B, fluconazole, voriconazole, posaconazole or saline control were added are shown in Fig. 2 .
While addition of amphotericin B further increased the cytokine levels for IL-6, IL-8 and TNF-α compared to hyphal fragments without drug, this was not the case for the liposomal formulation. Absolute numbers of cytokine concentrations 4 h after incubation are depicted in Fig. 3a -c for amphotericin. As ratio versus control, conventional amphotericin B increased IL-6, IL-8 and TNF-α: 8.29 ± 6.33, 1.12 ± 0.29 and 1.37 ± 0.83-fold, respectively, while liposomal amphotericin B showed the smallest impact on cytokine release of all five studied antimycotics resulting in 1.08 ± 0.39, 1.01 ± 0.12 and 0.93 ± 0.21-fold decrease or increase (Fig. 3) .
In contrast, the azole antimycotics led to a decrease of cytokine levels for all three studied cytokines and substances-except for the fact that posaconazole did not decrease IL-6 levels (Fig. 3e, f) . Fluconazole reduced levels of all three studied cytokines to the greatest extent showing IL-6, IL-8 and TNF-α ratios of 0.19 ± 0.17, 0.44 ± 0.23 and 0.22 ± 0.14, respectively (Fig. 3) .
Comparing the immunomodulatory effect of antimycotics in blood independent from Aspergillus fumigatus calculating the ratio of cytokine levels at 4 h for individual antimycotics over zero control without any antimycotic, azoles showed moderate increase or decrease of cytokine levels (Fig. 3) . Again, conventional amphotericin B increased cytokine release to a significantly greater extent than the other antimycotic agents resulting to a 61.5 ± 136-fold increase of the cytokine levels compared to a 3.2 ± 4-fold increase by liposomal amphotericin B (IL-6, IL-8 and TNF-α taken together).
Discussion
While several studies on the immunomodulatory effect of antibiotics exist [5] [6] [7] [8] [9] , especially focused on the impact of antifungals on the phagocytic response, the cytokine concentrations after incubation of whole blood alone (zero control), with antimycotic agents in whole blood (substance name), with mold alone (AF control), and when antimycotic agents were incubated in combination with mold in whole blood (substance + AF) immunomodulatory effect of antimycotics has been studied to a definitely smaller extend until now. In the present study, the impact of five antimycotics on cytokine release has been studied systematically in an in vitro aspergillosis model in human whole blood. During establishment of the in vitro aspergillosis model, inactive hyphae induced highest cytokine release whose extent was comparable to previously published LPS models. Studying the impact of antimycotics, the present data show that significant differences in the immunomodulatory potency but also intrinsic potency for cytokine release of available classes of antimycotics do exist. Fluconazole reduced cytokine levels induced by fungal stimulus substantially. However, while liposomal amphotericin B did not impact cytokine release induced by Aspergillus, conventional amphotericin B increased cytokine levels of all three studied cytokines significantly. Knowledge on the immunomodulatory effect of substances might allow using beneficial immunomodulatory effects by co-administration of antimycotics as it is suggested for, e.g., macrolides in case of antibiotics. However, until that is established avoiding harmful immunomodulatory 'side' effects, e.g., by avoiding a significant cytokine increase by, e.g., preferring liposomal amphotericin B to conventional amphotericin B might be of use.
Regarding the establishment of an in vitro aspergillosis model, the inactivated hyphal fragments starting from a conidia count of 10 6 conidia/mL demonstrated the most potent cytokine release when compared to conidia or active hyphal fragments and this was used for the main part of the study. This finding is in accordance to the previous published study by Warris et al. also showing that hyphal fragments induce a greater immunomodulatory response than conidia [16] . Regarding the setup of our experiments, the time points 2 and 4 h after incubation were chosen congruently with previous LPS experiments and supported by our pilot experiments [20] , at time points 2 and 4 h after incubation. The choice of determining IL 6 and TNF-α allows comparison with results from a previously published study on the immunomodulatory impact of Aspergillus fumigatus [16] . Furthermore, the cytokines IL-6, TNF-α and IL-8 were identified to be of interest in aspergillosis in previous studies. In general, cytokines are involved in the immune response against fungal pathogens including IL-6, IL-8, IL-10 and TNF-α [25] . High levels of IL-6 and IL-8 were both identified as early predictors of adverse outcomes in invasive pulmonary aspergillosis [26] , both being released from epithelial cells of the airways by a transcriptional mechanism [27] . Another study showed that proteases released from Aspergillus fumigatus enhance the production of IL-6 and IL-8 by epithelial cells of the airways by a transcriptional mechanism. The authors of this previously published study suggest that downregulating of the cytokines after long exposure to proteases derived by Aspergillus fumigatus may result in a reduced infiltration of T cells and neutrophils and as consequence lead to the pathogenicity of this fungus [27] . Contrary, TNF-α has been shown to have a protective role in invasive aspergillosis in mice after infection with A. fumigatus [28] . The induction of apoptosis of epithelial cells, induced by TNF-α, is suppressed by A. fumigatus leading to the hypothesis that A. fumigatus uses epithelial cells to start dissemination [29] . This might suggest that high TNF-α levels would be beneficial in the defense against invasive aspergillosis. In a previously published study on the cytokine release in aspergillosis and pneumocystis pneumonia, it was shown that IL-6 and IFN-gamma levels were elevated in patients with acute pneumonia, IL-6 being higher in invasive pulmonary aspergillosis [30] .
Focusing on the results of the cytokine levels, a 54-fold increase of IL-6 levels from 0 to 4 h after incubation was seen in our in vitro aspergillosis model. While in the presence of fluconazole cytokine levels solely increased 3.8-fold, conventional amphotericin B led to an cytokine increase of 248-fold. Looking at the cytokine ratio with/without antifungal agent with 0.19 fluconazole showed the biggest decrease on cytokine reduction and with 8.29 conventional amphotericin B the biggest increase on cytokine levels for IL-6, i.e., the cytokine for which the biggest difference between two antimycotics was found. However, without concomitant stimulation by hyphae fluconazole showed reduction in cytokine release. In this setting, conventional amphotericin B increased cytokine levels significantly compared to liposomal amphotericin B and the other antimycotic agents resulting in a 61.5 ± 136-fold increase of cytokine levels compared to 3.2 ± 4-fold increase by liposomal amphotericin B.
Obviously inflammatory response is required for fungal clearance, however, dysregulation might damage tissue and harm patients. A previously published, in vitro study investigated the cytokine release induced by Aspergillus fumigatus in whole blood showing a considerable cytokine release, which was higher in blood from patients with chronic granulomatous disease compared to healthy subjects. Therefore, the authors suggest an increased susceptibility to invasive aspergillosis in this patient group [16] . In accordance to the findings of our study, hyphal fragments induced a significantly higher IL-6 and TNF release than conidia did. Another study showed significantly elevated levels of the cytokines IL-6 and IL-8 in serum and of IL-8 in bronchoalveolar lavage fluid in patients with probable/proven invasive pulmonary aspergillosis [31] . Pulmonary aspergillosis, which is associated with poor clinical outcome, may lead to severe hypoxia and as consequence to a severely dysregulation of inflammatory response. One clinical study on targeting inflammatory IL-1 in an aspergillosis model in mice showed a reduction of hypoxia as well as a significant reduction of mortality by IL-1 receptor antagonists [32] .
Comparing the present results with previously published data on the different classes of antimycotics and first of all focusing on polyene antifungals, a previous murine model studied the capacity of antifungal agents on the TNF-α production by macrophages it was demonstrated that amphotericin B induces TNF-α while fluconazole did not. The authors of the study suggest that this finding would explain the better side effect profile of fluconazole compared to amphotericin B [33] . Another study demonstrated varying immunomodulatory activity of different amphotericin B formulations. Deoxycholate amphotericin B and amphotericin B colloidal dispersion upregulated production of proinflammatory cytokines, while liposomal amphotericin B and amphotericin B lipid complex downregulated or did not affect proinflammatory cytokine response [34, 35] . The finding of great variability in the release of proinflammatory cytokines due to divergent amphotericin B formulations is in accordance with the finding of our study comparing conventional and liposomal amphotericin B. One clinical study investigated the infusion-related toxicity of different amphotericin B formulations and its relation to the cytokine release in plasma in neutropenic patients with suspected or documented systemic fungal infection. Liposomal amphotericin B was better tolerated than conventional amphotericin B and amphotericin B in lipid emulsion. This formulation also caused the lowest liberation of all three cytokines tested. Though the severity of clinical manifestation could not be correlated with the absolute plasma cytokine levels, still TNF-α, IL-6 and IL-1-RA seemed to play a major role in the acute toxicity of amphotericin B [36] . In the present study, liposomal amphotericin B did solely impact IL-6 levels to 10% and did not increase TNF-α or IL-8 levels at all, whereas conventional amphotericin B increased IL-6 8.3-fold.
Regarding azole drugs, a study on the effect of azole antifungals on T cells demonstrated a variably strongly immunosuppressive effect on human T lymphocyte proliferation in vitro by azole drugs [37] . In the present study, fluconazole was found to have a substantially greater anti-inflammatory impact than voriconazole and posaconazole. A previously published study comparing TNF-α mRNA expression and production showed a reduced TNF-α production by conventional amphotericin B, which is contrary to the present finding. Voriconazole led to an even smaller TNF-α expression which would again be in accordance to our study. Whether this contrary finding is due to, e.g., the difference in the setting since Choi et al. did not use whole blood but THP 1 cells first treated with drugs for 24 h before conidia were added, or due to a different reason, remains unknown [19] . In contrast to the significant decrease of TNF-α in human whole blood by fluconazole in the present study, a previous study in a murine candidiasis model showed no impact of fluconazole on TNF-α levels although TNF-α levels in the negative control groups of their and our study were comparable [38] . The reason for this discrepancy is not clear, although species differences might be one explanation. The higher potency of fluconazole compared to the two other azoles may be ascribed to a stronger anti-inflammatory activity, but also by the fact that fluconazole does not harm A. fumigatus while other antimycotics lead to a fungal damage that consequently leads to an anti-inflammatory response. While the used higher concentrations of fluconazole in analogy to clinically observed higher plasma values might be another possible explanation for this finding, the actual reason remains to be investigated. In line with previous studies using LPS as stimulants, standard deviation in general was high and was between 65 and 133% of the actual mean cytokine levels in the aspergillosis model regardless of the time point, added antimycotics or cytokine. This finding highlights the big intra-individual variability in cytokine release after stimulating blood with either pathogenic additives or antifungals.
For the echinocandin micafungin, it was previously shown to impact the cytokine response to A. fumigatus conidia by increasing IL-10 and decreasing TNF-α in vitro. In a murine model, others were able to show that micafungin induced hyphal damage as well as to modulate the cytokine response leading to an anti-inflammatory response by reducing TNF-α expression and increasing IL-10 expression [18] .
Regarding polyene antifungal agents, in a previous murine model study on the capacity of antifungal agents on the TNF-α production by macrophages, it was demonstrated that amphotericin B induces TNF-α while fluconazole did not. The authors of the study suggest that this finding would explain the better side effect profile of fluconazole compared to amphotericin B [33] . Another study demonstrated varying immunomodulatory activity of different amphotericin B formulations. Deoxycholate amphotericin B and amphotericin B colloidal dispersion upregulated production of proinflammatory cytokines, while liposomal amphotericin B and amphotericin B lipid complex downregulated or did not affect proinflammatory cytokine response [34, 35] . The finding of great variability in the release of proinflammatory cytokines due to divergent amphotericin B formulations is in accordance with the finding of our study comparing conventional and liposomal amphotericin B. One clinical study investigated the infusion-related toxicity of different amphotericin B formulations and its relation to the cytokine release in plasma in neutropenic patients with suspected or documented systemic fungal infection. Liposomal amphotericin B was better tolerated than conventional amphotericin B and amphotericin B in lipid emulsion. This formulation also caused the lowest liberation of all three cytokines tested. Though the severity of clinical manifestation could not be correlated with the absolute plasma cytokine levels, still TNF-α, IL-6 and IL-1-RA seemed to play a major role in the acute toxicity of amphotericin B [36] . In the present study, liposomal amphotericin B did solely impact IL-6 levels to 10% and did not increase TNF-α or IL-8 levels at all, whereas conventional amphotericin B increased IL-6 8.3-fold.
Invasive aspergillosis is induced by the inhalation of conidia, which are endocytosed by epithelial cells in the alveoli where conidia germinate to hyphae. Simply put, hyphae penetrate to the abluminal surface of endothelial cells causing cell damage before disseminating hematogenously and then adhering to the luminal endothelial cell surfaces to invade again-once again causing damage [39] [40] [41] . This study is limited by the fact that the actual concentration of hyphae disseminating hematogenously is unknown, as well as that solely one A. fumigatus isolate was studied. In addition, endothelial penetration and angioinvasion are followed by a proinflammatory response which is not reflected in this in vitro model. As one further limitation, whole human blood of healthy volunteers was used, not blood from immunocompromised patients. Therefore, cytokine release modeled in this in vitro model using blood from healthy volunteers where endothelial cells are obviously not present might not be identical to the cytokine release in immunocompromised patients. However, an in vitro model never can reflect the complexity of an in vivo setting and the difference between the anti-inflammatory effects of antimycotics still could be pointed out.
Since the applicability of the established aspergillosis model cannot be measured by real-life hyphal concentration for that they are unknown, detected cytokine levels might serve as predictor. Previously presented data from invasive aspergillosis [31] described maximal IL-6 and IL-8 levels in plasma/serum of patients with invasive aspergillosis of 3049.4 pg/mL and 2300.4 pg/mL, respectively. The IL-6 and IL-8 levels observed in the present study at 4 h were 35.4 and 5448 pg/mL, thereby reflecting in vivo levels for IL-8 but underestimating levels of IL-6 for blood only stimulated with hyphae. Still, already at these lower IL-6 levels, an enormous increase of cytokines has been shown due to conventional amphotericin B, or a decrease of cytokine release due to fluconazole. We can solely assume that this effect might be even bigger in a real-life scenario in case IL-6 levels in invasive aspergillosis in humans are indeed higher.
In conclusion, this study compared in one in vitro aspergillosis model in whole blood the impact of different antimycotics on the massive cytokine release induced by fungal hyphae of Aspergillus fumigatus. Focusing on antifungal agents, the data of this study indicate significant differences in the immunomodulatory potency of available classes of antimycotics. Fluconazole had the highest anti-inflammatory potency. In contrast, conventional amphotericin B increased cytokine levels induced by Aspergillus fumigatus substantially while liposomal amphotericin B did not impact cytokine release. While this is in accordance to previous studies focusing on the phagocyte response to antifungals, a direct comparison in whole blood has to the best knowledge of the author not been performed until now. This preliminary information might have clinical implication since cytokine dysregulation plays a role in pathogenesis and outcome of fungal infections. However, clinical studies analyzing systematically the impact of different antimycotics on cytokine release as well as a better understanding of the mechanism of immunomodulation of antifungals are warranted to confirm our findings.
